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In vivo and in vitro techniques were used to study the
functional characteristics of subsidiary atrial pacemaker
activity 4 to 11 months after surgical excision of the
sinoatrial node region of the dog heart. Characteristics
of this long-term subsidiary atrial pacemaker activity
were compared with those of sinoatrial node and short-
term subsidiary atrial pacemaker activities.Extracellular
bipolar electrodes were used to estimate the site of ear-
liest activation and monitor spontaneous rate. Under
both in vivo and in vitro conditions, long-term pace-
maker activity was located in the same region of the
inferior right atrium as was short-term pacemaker ac-
tivity. Under in vitro conditions, long-term activity was
characterized by a reduced sensitivity to acetylcholine
and overdrive pacing and by a lack of dependence on
beta-adrenergic stimulation compared with short-term
Atrial pacemakers in the mammalian heart are thought to
be organized in a hierarchy composed of a primary site and
a number of subsidiary sites. Electrophysiologic (1-3) and
histologic (4,5) studies have consistently defined the sino-
atrial node as the primary pacemaker. Subsidiary atrial pace-
maker sites have been documented clinically (6-9) and ex-
perimentally (10-13) in regions outside the classically de-
fined sinoatrial node region. Boineau et al. (14,15) also
indicated that multiple pacemaker sites in the canine right
atrium may constitute a normal primary pacemaker com-
plex.
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activity. Furthermore, long-term pacemaker activity
was more sensitive to acetylcholine and less sensitive to
norepinephrine (> lO-7M) compared with sinoatrial
node activity.
It is concluded that the subsidiary atrial pacemakers
that emerge soon after removal of the sinoatrial node
are the same as those pacemakers that ultimately assume
long-term control of the heart. In addition, after sub-
sidiary atrial pacemakers assume dominant pacemaker
function, their dependence on norepinephrine and their
response to acetylcholine and overdrive pacing are re-
duced. These changes facilitate a more stable regulation
of atrial pacemaker rhythm and, thereby, make subsid-
iary atrial pacemaker function more like that of the
sinoatrial node.
Work from this laboratory (10-12) has shown that after
excision of the sinoatrial node region, subsidiary atrial pace-
maker activity emerges along the sulcus terminalis or at the
junction of the inferior right atrium and inferior vena cava.
These subsidiary pacemakers are functionally innervated by
both divisions of the autonomic nervous system, although
their chronotropic response to a given autonomic interven-
tion differs in magnitude from that of the sinoatrial node
(10,16,17). Under normal conditions, this differential re-
sponse, favoring restraint of subsidiary atrial pacemaker
automaticity, as well as the more rapid discharge of the
sinoatrial node and overdri ve suppression of subsidiary atrial
pacemaker activity (19), maintains sinoatrial node domi-
nance. However, a shift in pacemaker dominance to a sub-
sidiary atrial pacemaker site may occur if sinoatrial node
activity is depressed, as might occur in diseased states
(6-9).
Previous studies of subsidiary atrial pacemaker activity
were conducted primarily on a short-term basis, that is, im-
mediately after removal (11,12,16,18) or suppression (20)
of sinoatrial node activity. These investigations found that
functional characteristics of subsidiary atrial pacemakers
differ markedly from those of the sinoatrial node. For ex-
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ample , subsidiary pacemaker activity is more sensitive to
parasympathetic stimulation (16,20) and overdrive pacing
(18,20) . However, a recent report by Randall et al. (21)
showed that in long-term experiments, in which the canine
sinoatrial node region has been excised and the animal al-
lowed to recover for several weeks to months , subsidiary
atrial pacemaker rhythms stabilize and become progres-
sively less sensitive to overdrive pacing. These findings
indicate that subsidiary atrial pacemaker function may
change with time and become similar to that of the sinoatrial
node. However, little is known about what may be respon-
sible for these changes and whether other alterations in
subsidiary atrial pacemaker function occur as a result of
prolonged subsidiary pacemaker dominance.
Therefore, the present study was conducted to determine
the functional characteristics of long-term subsidiary atrial
pacemaker activity based on chronotropic responses to ace-
tylcholine , norepinephrine and overdrive pacing. Changes
in pacemaker function were assessed by comparing long-
term pacemaker characteristics with those of normal sino-
atrial node activity and with subsidiary atrial pacemaker
activity elicited on a short-term basis . Results were obtained
using both in vivo and in vitro techniques. The in vitro
experiments allow a more quantitative study of long-term
pacemaker activity under more controlled conditions , not
available with in vivo techniques . In addition , under in vitro
conditions, changes in subsidiary pacemaker function can
be attributed to intrinsic changes in the pacemaker tissue
since alterations in extrinsic physiologic factors such as
circulating catecholamines and neural reflexes are elimi-
nated. The present findings support the concept that sub-
sidiary atrial pacemaker function changes with time and
becomes more like that of the sinoatrial node.
Methods
Long-term preparation: in vivo. Eight mongrel dogs
of either sex , weighing 13 to 20 kg , were anesthetized with
sodium pentobarbital (30 mg/kg intravenously) and main-
tained by positive-pressure respiration. Under aseptic con-
ditions, a right thoracotomy was performed through the
fourth intercostal space and the heart was suspended in a
pericardial cradle . A segment of the rostral sulcus terminali s
(1.8 to 2.5 x 0.7 em) containing the sinoatrial node region
was excised and the cut edges of the atrium were sutured
together. The excised tissue was fixed in formalin and later
examined histologically to confirm the removal of the si-
noatrial node . If nodal tissue was found on any border of
the excised segment, it was assumed that some nodal tissue
remained in the intact atrium and the animal was excluded
from the study. The chest was then closed and the animal
allowed to recover using standard postoperative procedures.
Postoperative lead II electrocardiograms revealed stable P
waves after an initial unstable period characterized by tran-
sient atrioventricular (AV) junctional rhythms and wan-
dering P waves (17). In general , postoperative P waves were
upright and smaller in amplitude than those recorded pre-
operatively. After 13 to 45 weeks , the dogs were again
anesthetized with pentobarbital (30 mg/kg , intravenously) ,
maintained by positive pressure respiration and a right tho-
racotomy was performed. Under open chest conditions, the
lead II electrocardiogram and atrial electrogram showed
stable P waves with an average PR interval of 103 ± 3 ms
(n = 8). Both cervical vagi and stellate ganglia were cut
to autonomically decentralize the heart .
The site of pacemaker activity in the right atrium was
estimated by electrophysiologic mapping of the epicardial
site of earliest activation using the method of Jones et al.
(10). Briefly, an exploring bipolar suction electrode was
used in reference to three stationary bipolar electrodes, one
of each placed within the region of the anterior, middle and
posterior internodal pathways. The site of earliest activation
was defined as that location in which the exploring electro-
gram preceded the stationary electro grams by the greatest
time interval. This method can detect the site of earlie st
epicardial activation with a resolution of 2 mm. In vivo
measurements of subsidiary atrial pacemaker activity in-
cluded the site of earliest activation, spontaneous rate and
response to overdrive pacing at 100% above control spon-
taneous rate for 30 seconds and I minute . The in vivo
response to overdrive pacing was expressed as a corrected
recovery time. This was calculated by subtracting the control
spontaneous cycle length from the longest asystole after
pacing was stopped. After long-term subsidiary atrial pace-
maker activity was mapped and tested in vivo, the same
right atrium was prepared for in vitro study.
Long-term preparation: in vitro. Long-term subsid-
iary atrial pacemaker activity was studied in vitro using a
perfused right atrial preparation, similar to that described
previously (20). Briefly, a 2 em length of the right coronary
artery was isolated near the origin of the sinoatrial node
artery. A fluid-filled cannula (PE 50) was introduced into
the proximal right coronary artery , advanced into the first
I ern of the sinoatrial node artery and tied in place . After
cannulation, the heart and at least 2 ern of each vena cava
was excised and immersed in Tyrode's solution at room
temperature equilibrated with 95% oxygen and 5% carbon
dioxide. The composition of Tyrode's solution used in all
experiments was (in mM): Sodium chloride (NaCl) 137,
potas sium chloride (KCl) 2.7 , sodium bicarbonate
(NaHC0 3) 11.9 , sodium phosphate (NaH2P04) 0.33, cal-
cium chloride (CaCI2) 1.8, magnesium chloride (MgCIz)
1.05 and glucose 11.0 , pH 7.2 to 7.3. While perfusing
continuously through the sinoatrial node artery, the right
atrial free wall was dissected free from the rest of the heart .
The preparation consisted of the right atrial free wall in-
cluding the atrial appendage, a portion of the interatrial
septum and a small rim of right ventricular tissue containing
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a segment of the right coronary artery (20). The atrioven-
tricular node, coronary sinus and left atrial tissue up to the
interatrial septum were excluded. This preparation was
transferred to a large tissue bath and pinned to the floor,
epicardial side up. The perfusion cannula was switched to
a second pump that delivered oxygenated Tyrode's solution
warmed to yield a tissue temperature of 36 ± OS C. The
preparation was also superfused with Tyrode's solution at
a flow rate of lO to 12 mllmin.
The method used to estimate the site ofpacemaker activity
in the isolated perfused preparation was similar to that used
in vivo (0) and in studies described previously (20). A
mobile extracellular bipolar recording electrode, referenced
against three stationary bipolar electrodes placed along the
sulcus terminalis, was used to estimate the site of earliest
activation. Signals from one of the reference electrodes were
recorded on polygraph (Grass model 7) and simultaneously
triggered a tachograph (Grass model 7P448) that gave a
continuous record of spontaneous rate.
Short-term preparation: in vitro. We have recently
published experiments (20) comparing the functional char-
acteristics of sinoatrial node and subsidiary atrial pacemaker
activities in vitro. The subsidiary pacemaker activity in these
studies was elicited within minutes after suppressing the
sinoatrial node and, therefore, is considered short-term (acute)
subsidiary atrial pacemaker activity, To effectively docu-
ment changes in subsidiary atrial pacemaker characteristics
that occur with time, we compared the present results on
long-term (chronic) activity with data from previous ex-
periments (20) on short-term subsidiary pacemaker and si-
noatrial node activities. Data were taken from previous ex-
periments (n = 16) where protocols similar to the present
experiments were performed. The method used to study
short-term subsidiary atrial pacemaker activity in vitro has
been described previously (20) and is similar to that used
in the present study of long-term activity. Our previous
report indicated that short-term subsidiary pacemaker activ-
ity required a background level of norepinephrine (lO-8M)
in the Tyrode's solution. Therefore, to effectively compare
pacemaker activities, all Tyrode's solutions used in this
study contained lO- 8M norepinephrine.
Pacemaker characterization. Pacemaker function of
the sinoatrial node and short- and long-term subsidiary atrial
pacemaker preparations in vitro was compared on the basis
of the respective responses to perfused acetylcholine (Sigma
Chemical Co.), norepinephrine (Levophed, Breon) and to
overdrive pacing. Norepinephrine and acetylcholine were
each tested by perfusing varying concentrations for 30 sec-
onds and I minute, respectively, while recording maximal
changes in spontaneous rate. Complete recovery of rate was
allow •.xl between test perfusions.
The chronotropic response to overdrive pacing was de-
termined by driving the preparations at a rate lOO% above
control spontaneous rate for periods of 0.5, 1 and 2 minutes.
Stimuli were rectangular pulses 2 ms in duration and 50%
above threshold voltage (Pulsar 4i, Frederick Haer) applied
through bipolar pin electrodes placed on the inferior right
atrium. The duration of suppression after a given period of
overdrive was expressed as the corrected recovery time,
determined in the same way as described before.
Data analysis. All data are expressed as mean ± stan-
dard error of the mean. Simultaneous comparison of all three
groups (sinoatrial node, long- and short-term subsidiary
atrial pacemakers) for a given response was made using
analysis of variance. When a significant difference between
groups was indicated, individual comparisons were made
using a least significant difference test. Spontaneous rates
under in vivo and in vitro conditions of each preparation
were compared using a correlated analysis of variance.
Comparisons between any two experimental groups were
made using an unpaired Student's t test. Differences for all
comparisons were considered statistically significant at a
probability of less than 0.05.
Results
Site oflong-term pacemaker activity. The site oflong-
term subsidiary atrial pacemaker activity was electrophys-
iologically mapped in each of the eight preparations, both
in vivo and in vitro. Because the shape of the tissue changes
from in vivo to in vitro conditions, the epicardial site of
earliest activation was measured, when possible, in refer-
ence to the most caudal suture used during excision of the
sinoatrial node region. However, in some experiments the
site of earliest activation was measured in reference to the
junction of the superior vena cava and the right atrial ap-
pendage because it was not possible to locate the last suture
line. Because of the resolution of the mapping technique
and the changes in tissue shape, a comparison of the sites
of earliest activation can only be approximate. However,
measurements from the same preparations both in vivo and
in vitro indicated an average difference in the site of earliest
activation of approximately 2 mm. These results indicate
that the long-term subsidiary atrial pacemaker activity tested
in the tissue bath was similar to that in vivo.
Figure 1 shows a diagram of the perfused preparation
as viewed in the tissue bath, epicardial side up. It illustrates
the location of the subsidiary sites of earliest activation
found in all eight long-term preparations (closed circles).
All sites were concentrated in a well defined region of the
inferior right atrium. Also shown are the locations of short-
term subsidiary sites of earliest activation (open circles)
found in 16 short-term preparations. These sites are also
concentrated within the same region of the inferior right
atrium. The close correlation of long- and short-term sub-
sidiary sites suggests that a similar group of subsidiary atrial
pacemakers were studied under both conditions.
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Figure 1. Epicardial view of the isolated perfused right atrial
preparation showing the site of earliest activation of long-term
(chronic) subsidiary atrial pacemaker (CSAP, closed circles) and
short-term (acute) subsidiary atrial pacemaker (ASAP, open cir-
cles) activities. Tyrode's solution was perfused through a cannula
whose tip (open arrow) was advanced into the proximal I em of
the sinoatrial node artery. The suture lines at the junction of the
superior vena cava (SVC) with the right atrial appendage (RAA)
indicate the approximate extent of the sinoatrial node region ex-
cised for the long-term preparations. Due to the variability in the
course of the sinoatrial node artery among preparations, the po-
sition of the artery in this diagram is schematic only. IVC
inferior vena cava; RV = right ventricular tissue.
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Figure 2. Chronotropic responses to different concentrations of
norepinephrine (NE); 10- 8 M is the concentration of norepineph-
rine under control conditions. ASAP = short-term (acute) sub-
sidiary atrial pacemaker; CSAP = long-term (chronic) subsidiary
atrial pacemaker; SAN = sinoatrial node; SR = spontaneous rate
(beats/min.); * = significantly different from sinoatrial node (p
< 0.05); t = significantly different from short-term subsidiary
atrial pacemaker (p < 0.05).
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produce any measureable shift in the site of earliest acti-
vation of long-term pacemaker activity. A comparison of
in vitro preparations indicates that long-term pacemaker rate
(l02 ± 9 beats/min) was significantly greater than that of
short-term activity (80 ± 5 beats/min) (p < 0.05), but not
significantly different from that of the sinoatrial node (99
± 3 beats/min) (p > 0.10).
Norepinephrine. Figure 2 shows the chronotropic re-
sponse of long-term subsidiary atrial pacemaker prepara-
tions (solid line) to different concentrations of norepineph-
rine. Also included are the chronotropic responses of
sinoatrial node and short-term subsidiary pacemaker prep-
arations (dashed lines) to the same concentrations of nor-
epinephrine. Under control conditions with background nor-
epinephrine (l0-8M), long-term spontaneous rate was sig-
nificantly greater than short-term pacemaker rate (p < 0.05),
but not different than that of the sinoatrial node (p > 0.1).
Exposure of long-term preparations to increasing concen-
trations of norepinephrine resulted in a dose-dependent in-
crease in maximal spontaneous rate. A comparison of long-
term subsidiary and sinoatrial responses revealed a signif-
icant difference only at concentrations of norepinephrine
greater than 10 -7M. This resulted primarily from the
marked increase in sinoatrial rate at the higher concentra-
tions. These increases were associated with small transient
rvc
sve
Long-term spontaneous activity. When atria exhib-
iting long-term subsidiary atrial pacemaker activity in vivo
were excised and maintained in vitro, spontaneous activity
continued without norepinephrine in the Tyrode's solution.
Furthermore, when propranolol (l0 - 7M) was administered
to four long-term preparations in the presence of norepi-
nephrine (10- 8M), the mean spontaneous rate declined from
107 ± 14 to 83 ± 14 beats/min (p < 0.01) and remained
stable. This is in contrast to the behavior of short-term
subsidiary atrial pacemaker activity in vitro, which required
the presence of norepinephrine and was abolished by pro-
pranolol, but is similar to that of the sinoatrial node (20).
The steady state spontaneous rate of long-term preparations
was measured both in vivo and in vitro. In vivo, long-term
mean spontaneous rate was 109 ± 8 beats/min. After the
tissue was excised and maintained in vitro in the absence
of norepinephrine, the mean spontaneous rate was 75 ± 9
beats/min, significantly less than that in vivo (p < 0.0001).
When norepinephrine (l0-8M) was added to the Tyrode's
perfusate, the mean spontaneous rate increased significantly
to 102 ± 9 beats/min (p < 0.0001). Under these conditions,
the spontaneous rates of long-term activity in vitro and in
vivo were no longer significantly different (p > 0.05).
Moreover, the addition of norepinephrine in vitro did not
lACC V, I. 4, No.3
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Figure 3. Chronotropic responses to different concentrations of
acetylcholine (ACh). Percent of maximal response (100% = pace-
maker suppression) is plotted as -log of acetylcholine concen-
tration (in moles) in the presence of norepinephrine (10- 8 M).
Abbreviations as in Figure 2.
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right atrium was paced for 30 and 60 seconds (n = 7) at
100% above spontaneous rate. The mean corrected recovery
times in response to these periods of overdrive pacing were
146 ± 44 and 101 ± 33 ms, respectively. These values
agree with those obtained under in vitro conditions. As
shown in Figure 4, overdrive pacing of long-term prepa-
rations in vitro (solid line) for 30, 60 and 120 seconds
resulted in corrected recovery times of 161 ± 30, 291 ±
59 and 306 ± 58 ms, respectively. It is also apparent from
the graph that the corrected recovery times for long-term
activity are significantly smaller (p < 0.05) than those for
short-term activity but not different from those for the si-
noatrial node.
Figure 4. Pacemaker responses to overdrive pacing. The corrected
recovery time (CRT) of each type of pacemaker activity is ex-
pressed as a function of the duration of overdrive pacing. Standard
error bars for sinoatrial node (SAN) and long-term (chronic) sub-
sidiary atrial pacemaker (CSAP) values have been omitted for
clarity. Corrected recovery times for short-term activity are mea-
sured in seconds, while those for long-term (in vivo or in vitro)
and sinoatrial activities are measured in milliseconds. ASAP =
short-term (acute) subsidiary atrial pacemaker; * = significantly
different from short-term subsidiary atrial pacemaker activity (p
< 0.05).
6
The present experiments were designed to determine if
functional characteristics of subsidiary atrial pacemaker ac-
tivity change after assuming pacemaker dominance for a
period of time. We chose to study the response of long-
term subsidiary atrial pacemaker activity to acetylcholine,
norepinephrine and overdrive pacing so that we could com-
pare the present results with those of sinoatrial and short-
term subsidiary atrial pacemaker activities (20). The present
results indicate that subsidiary atrial pacemaker activity
Discussion
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shifts in activation sequence, However, when comparing
long- and short-term subsidiary activities, it is apparent that
there were no significant differences in responses to nor-
epinephrine concentrations greater than 1O-8M, although
long-term pacemaker responses were slightly greater at each
concentration tested,
Acetylcholine. Figure 3 shows the maximal chrono-
tropic response to long-term subsidiary atrial pacemaker
preparations (solid line) to different concentrations of ace-
tylcholine. In addition, the responses of sinoatrial and short-
term subsidiary pacemaker activities (dashed lines) are il-
lustrated. The graph indicates that exposure of long-term
preparations to acetylcholine for 1 minute resulted in a dose-
dependent decrease in maximal spontaneous rate. Compared
with sinoatrial node (least sensitive) and short-term pace-
maker activity (most sensitive), long-term pacemaker ac-
tivity exhibited an intermediate sensitivity to acetylcholine.
Quantitative measurement of the acetylcholine sensitivities,
based on the acetylcholine concentration that produced a
50% maximal response (EC50) in each experiment, indicate
that the EC50 for long-term activity is 3.5 ± 0.9 x 1O-7M.
This value is significantly less than that for sinoatrial node
activity (1.2 ± 0.3 x 1O-6M) and significantly greater
than that for short-term activity (5.7 ± 2.1 x 1O-8M) (p
< 0.05).
Overdrive pacing. The response of long-term subsid-
iary atrial pacemaker activity to overdrive pacing was tested
both in vivo and in vitro. Under in vivo conditions, the
540 ROZANSKI ET AL.
SUBSIDIARY ATRIAL PACEMAKER FUNCTION
lACC Vol. 4. No.3
September 1984:535-42
changes with time in its sensitivity to acetylcholine, re-
sponse to overdrive pacing and dependence on beta-adren-
ergic stimulation. These changes make subsidiary pace-
maker function more like that of the sinoatrial node.
Long-term subsidiary pacemaker location. The lead II
electrocardiograms and atrial electrograms obtained several
months after excision of the sinoatrial node region showed
stable P waves and PR intervals of about 100 ms, indicating
dominant pacemaker activity originating from atrial tissue.
In vivo extracellular mapping of the epicardial site of earliest
activation located long-term pacemaker activity along the
sulcus terminalis toward the inferior region of the right
atrium. The site of earliest activation was always found
several millimeters caudal to the sinoatrial node excision
line, indicating that the pacemaker activity was not due to
injury resulting from the original excision. This confirms
similar findings from this laboratory (10-12,21). Our results
also indicate that long- and short-term pacemaker activities
are located in the same region of the inferior right atrium.
Thus, long-term activity found in vivo was within the same
region as short-term activity found in vivo (10,11). More-
over, the sites of long-term pacemaker activity mapped in
vitro were all within the same region of the inferior right
atrium as short-term pacemaker activity found in vitro (Fig.
1). It, therefore, seems likely that the subsidiary atrial pace-
makers that emerge soon after excision or suppression of
the sinoatrial node are the same as those pacemakers that
ultimately assume stable long-term control of the heart.
Effect of norepinephrine. In vivo long-term pacemaker
activity was rhythmic and stable. When these long-term
preparations were transferred to the tissue bath, they con-
tinued to beat spontaneously with a stable rhythm, although
at a slower rate, even though norepinephrine was not present
in the Tyrode's perfusate. Furthermore, in the presence of
norepinephrine, beta-adrenergic receptor blockade with pro-
pranolol failed to abolish long-term pacemaker activity. This
type of behavior is similar to sinoatrial node activity but
different from short-term pacemaker activity in vitro (20).
Thus, in perfused atrial preparations, in the absence of nor-
epinephrine or in the presence of propranolol, spontaneous
sinoatrial rate slows but remains stable. However, under
similar conditions, short-term subsidiary atrial pacemaker
activity is abolished. Although subsidiary pacemaker ac-
tivity was not elicited under exactly the same conditions in
both short- and long-term preparations, the present results
suggest that as a function of time, subsidiary atrial pace-
maker activity may become less dependent on beta-adren-
ergic receptor stimulation and, thus, more like the sinoatrial
node.
In vivo experiments by Jones et al. (10) showed that with
exercise, infusion of isoproterenol or stellate ganglion stim-
ulation, maximal spontaneous rate of long-term subsidiary
atrial pacemaker activity is significantly less than that of the
sinoatrial node. However, under in vivo conditions the in-
creases in rate were associated with shifts in the site of
subsidiary pacemaker activity, which makes it difficult to
determine quantitatively the response of long-term pace-
maker activity to adrenergic stimulation. The present in vitro
experiments show that the spontaneous rates of long-term
subsidiary atrial pacemakers was significantly less than si-
noatrial rates in response to adrenergic stimulation
(>1O- 7M), even when no shifts in pacemaker site occur.
There was no difference between the spontaneous rates of
long- and short-term preparations, except at the control con-
centration of norepinephrine (l0-8M). At this baseline con-
centration, long-term rate was similar to that of the sinoatrial
node. It appears that unlike their response to acetylcholine
and overdrive pacing, subsidiary atrial pacemakers do not
change significantly in their response to norepinephrine.
Apparently, even after a period of time, subsidiary pace-
makers cannot attain the same maximal spontaneous rates
as the sinoatrial node in response to sympathetic stimulation.
It is also interesting to note that although subsidiary atrial
pacemaker activity does change in its dependence on nor-
epinephrine, it does not change significantly in its response
to higher concentrations of norepinephrine.
Acetylcholine sensitivity. The ECso values (acetylcho-
line concentration that produced a 50% maximal response)
derived from the in vitro dose-response relations for ace-
tylcholine indicate that long-term pacemaker activity is sig-
nificantly less sensitive to acetylcholine than short-term, but
still more sensitive than sinoatrial node activity (Fig. 3).
Clearly, this change in sensitivity to acetylcholine would be
expected to have important functional consequences. In the
present experiments, long-term pacemaker rhythms in vivo
were stable in contrast to the irregular rhythms characteristic
of short-term atrial pacemakers minutes to days after ex-
cision of the sinoatrial node region (17,21,22). Randall et
al. (l7,22) showed that in conscious dogs who had under-
gone sinoatrial node excision days earlier, atrial rhythms
are irregular with relatively long periods of asystole. This
arrhythmic activity appears to be related to a hypersensitive
response to parasympathetic stimulation because atropine
eliminated the arrhythmia, whereas propranolol had no ef-
fect. The present results may explain why subsidiary atrial
pacemaker activity becomes more stable and regular with
time. As pacemaker sensitivity to acetylcholine decreases,
parasympathetic neural tone would have much less of an
effect, resulting in a more regular subsidiary pacemaker
rhythm. Furthermore, Randall et al. (21) demonstrated that
in conscious dogs with recent sinoatrial node excision, over-
drive pacing results in abnormally long periods of overdrive
suppression and that this decreases over several weeks to-
ward preoperative values. If acetylcholine is responsible, at
least in part, for the relatively long periods of overdrive
suppression (22), then the present results may explain why
JACC v «. 4, No.3
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the response is attenuated with time. As the subsidiary atrial
pacemakers become less sensitive to acetycholine, the pe-
riod of overdrive suppression would be diminished.
Because of the vigorous contractile activity of these per-
fused atrial preparations, it has not been possible to use
intracellular recording techniques. Consequently, it is not
possible to determine the cellular mechanisms that may be
responsible for the changes in acetylcholine sensitivity.
However, based on the present findings one could speculate
that at least part of the diminished sensitivity to acetylcholine
may he related to the fact that long-term pacemakers are
less dependent on norepinephrine than short-term pace-
makers. Since acetylcholine is known to antagonize the
actions of norepinephrine, acetylcholine would be expected
to have less of an inhibitory effect on long- than short-term
subsidiary atrial pacemaker activity.
Response to overdrive pacing. Although the experi-
ments of Randall et al. (21) on conscious dogs showed that
the response of subsidiary atrial pacemakers to overdrive
pacing decreases with time, it is not clear from these ex-
periments what was responsible for the change. For ex-
ample, a shortened recovery time in vivo could have resulted
from changes in a variety of factors either extrinsic or in-
trinsic to the pacemaker tissue itself. In the present study,
both In vivo and in vitro measurements of corrected recovery
times in long-term pacemaker tissue were comparably short.
The In vivo results confirm the findings of Randall et al.
(21). In addition, the in vitro results extend these findings
by showing that whatever changes are responsible for the
shortened recovery times, they are intrinsic to the pacemaker
tissue. since extrinsic factors such as changes in neural input
or reflex responses are eliminated. As discussed previously,
at least one of the intrinsic changes that may be contributing
to the decreased response to overdrive pacing may be the
decreased sensitivity of subsidiary atrial pacemakers to ace-
tylcholine.
Implications. These experiments present evidence that
the functional characteristics of subsidiary atrial pacemaker
activity change as a function of time, and become more like
those of the sinoatrial node. We speculate that these alter-
ations are in response to the change in functional status of
the subsidiary pacemaker cells. More specifically, as these
pacemaker cells are transformed from subsidiary to "pri-
mary" pacemaker status, their functional properties change
accordingly. Under normal conditions, these pacemaker
cells are subsidiary to the sinoatrial node and are, therefore,
excited by conducted impulses before they can reach their
own threshold of excitation. Because of their greater degree
of overdrive suppression, they are continuously suppressed
by the sinoatrial node. However, after the influence of the
sinoatrial node is eliminated and subsidiary atrial pace-
makers assume primary pacemaker status, their response to
an overdrive stimulus becomes diminished, functioning more
like "normal" primary pacemakers. Similar considerations
can be applied to the changes in response to acetylcholine.
Under normal conditions, the exaggerated response of sub-
sidiary atrial pacemaker activity to acetylcholine promotes
sinoatrial dominance during parasympathetic stimulation.
However, once subsidiary atrial pacemaker activity assumes
"primary" pacemaker function, a more moderate response
to parasympathetic stimulation would result in a more stable
regulation of pacemaker rhythm.
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